Background Transition of hair shaft keratinocytes from actively respiring, nucleated cells to structural cells devoid of nucleus and cytoplasm is key to hair production. This form of cell 'death', or cornification, requires cellular organelle removal to allow the cytoplasm to become packed with keratin filament bundles that further require cross-linking to create a strong hair fibre. Although these processes are well described in epidermal keratinocytes, there is a lack of understanding of such mechanisms, specifically in the hair follicle. Objectives To gain insights into cornification mechanisms within the hair follicle and thus improve our understanding of normal hair physiology. Methods Scalp biopsies and hair-pluck samples were obtained from healthy human donors and analysed microscopically after immunohistochemical staining. Results A focal point of respiratory activity was evident in keratogenous zone cells within the hair shaft, which also exhibited nuclear damage. Nuclear degradation occurred via both caspase-dependent and caspase-independent pathways. Conversely, mitophagy was driven by Bnip3L and restricted to the boundary of the keratogenous zone at Adamson's Fringe. Conclusions We propose a model of stepwise living-dead transition within the first 1 mm of hair formation, whereby fully functional, nucleated cells first consolidate required functions by degrading nuclear DNA, yet continue to respire and provide the source of reactive oxygen species required for keratin cross-linking. Finally, as the cells become packed with keratin bundles, Bnip3L expression triggers mitophagy to rid the cells of the last remaining 'living' characteristic, thus completing the march from 'living' to 'dead' within the hair follicle.
Summary
Background Transition of hair shaft keratinocytes from actively respiring, nucleated cells to structural cells devoid of nucleus and cytoplasm is key to hair production. This form of cell 'death', or cornification, requires cellular organelle removal to allow the cytoplasm to become packed with keratin filament bundles that further require cross-linking to create a strong hair fibre. Although these processes are well described in epidermal keratinocytes, there is a lack of understanding of such mechanisms, specifically in the hair follicle. Objectives To gain insights into cornification mechanisms within the hair follicle and thus improve our understanding of normal hair physiology. Methods Scalp biopsies and hair-pluck samples were obtained from healthy human donors and analysed microscopically after immunohistochemical staining. Results A focal point of respiratory activity was evident in keratogenous zone cells within the hair shaft, which also exhibited nuclear damage. Nuclear degradation occurred via both caspase-dependent and caspase-independent pathways. Conversely, mitophagy was driven by Bnip3L and restricted to the boundary of the keratogenous zone at Adamson's Fringe.
Conclusions We propose a model of stepwise living-dead transition within the first 1 mm of hair formation, whereby fully functional, nucleated cells first consolidate required functions by degrading nuclear DNA, yet continue to respire and provide the source of reactive oxygen species required for keratin cross-linking. Finally, as the cells become packed with keratin bundles, Bnip3L expression triggers mitophagy to rid the cells of the last remaining 'living' characteristic, thus completing the march from 'living' to 'dead' within the hair follicle.
What's already known about this topic?
• Cornification of keratinocytes is key to creation of a healthy hair fibre.
• Destruction of cellular organelles within keratinocytes creates space in the cytoplasm for keratin filaments.
• Production of reactive oxygen species (ROS) has been reported in the hair follicle but is often associated with adverse effects on hair health.
What does this study add?
• Destruction of the nucleus and mitochondria occur in an ordered, sequential fashion, via apoptotic and nonapoptotic mechanisms.
• Differential mechanisms are employed in different hair follicle cell-line layers to rid keratinocytes of organelles.
• Targeted production of ROS in the keratinization zone correlating with the presence of active mitochondria is related to keratin cross-linking and thus may be required for healthy hair.
What is the translational message?
• Controlled cell death within the deepest 1 mm of the follicle is key to healthy hair.
• After enucleation, the preprogrammed matrix cells and the forming hair shaft are susceptible to damage without the means to mount a transcriptional defence.
• These results provide new insights for normal hair physiology, thus providing pathways and targets for therapy in perturbed hair states such as ageing, greyness and alopecia.
The hair follicle is a complex, multilayered mini-organ with keratinocyte cornification a key process in the production of healthy hair. [1] [2] [3] The outer root sheath (ORS), inner root sheath (IRS) and hair fibre differ in keratin proteome, ultrastructure and event timing, yet share commonalities of reshaping, restructuring, keratin accumulation, organelle degradation and terminal differentiation. [4] [5] [6] The mature IRS and hair fibre, in contrast to the actively respiring ORS, are broadly considered as 'dead'; however, the point at which biological processes stop is unclear. 7, 8 DNA is degraded as early as mid-bulb, yet there is a stepwise expression of keratins above the bulb.
9-12
How these two processes align, and what role degradation plays in hair creation, are largely unknown. Hair fibre, created by keratin bundling and cross-linking, requires cytoplasmic space; thus, degradation of organelles is essential. 3 Nuclear breakdown generally occurs via caspase driven-classical apoptosis; 13 however, some cell types undergo nonclassical apoptosis via Dnase2-like acid DNAse (DLAD)-dependent breakdown. 14 Keratinocyte nuclear destruction mechanism(s) are complex, but preferential expression of DNAse1L2, similar to DLAD, suggests nonclassical apoptosis. 15 Additionally, a process of selective nuclear autophagy (nucleophagy) occurs in epidermal keratinocytes. 16 The induction of such processes during hair follicle keratinocyte cornification are not well understood. Mitochondrial removal during cornification occurs through an unknown mechanism, and the significance beyond creation of space has been speculative. 2, 11, 17 Selective mitochondrial autophagy (mitophagy) has been described, although not in keratinocytes. 18, 19 Mitochondrial degradation may also be a source of reactive oxygen species (ROS) intermediates. 20, 21 While recent work reports deleterious effects of excess ROS on hair health, 22 a potential role for basal ROS during fibre development has not been investigated. [23] [24] [25] We show that keratinocytes in the ROS-rich keratogenous zone undergo DNA degradation before mitophagy. We hypothesize a stepwise process of organelle degradation in hair shaft keratinocytes whereby living cells transition to an anuclear/zombie-like state before progressing to full cell death and that this is a critical part of cornification and production of healthy hair.
Materials and methods

Human tissue
Scalp biopsy samples were obtained using protocols approved by the Partners Human Research Committee Institutional Review Board. Subjects provided prior written informed consent. Healthy female subjects were enrolled at Massachusetts General Hospital, Boston, MA, U.S.A. Four-millimetre scalp punch biopsies, cut parallel to hair shafts/bulbs, were taken from six participants, bisected and embedded in Optimum Temperature Compound (Sukura Finetek, Torrance, CA, U.S.A.) before freezing over dry ice and storing at À80°C until sectioning at 8 lm. Subjects provided written, informed consent prior to procedures, and were healthy women aged 18-65 years with Fitzpatrick scores of I-III and natural blonde to light-brown-coloured hair. The women were nonsmokers with no perceived or diagnosed hair loss or hair loss disorders. Follicular unit extraction (FUE) samples were obtained from two participants, using a protocol approved by the Schulman Institutional Review Board. Participants were chosen based on the same criteria as for scalp punch biopsies. FUE removal of five samples per participant was performed by a board-certified hair transplant surgeon prior to embedding, freezing and sectioning as before. Occipital scalp hair samples from two, healthy, white male donors (35- 
Confocal microscopy
Fluorescent images were captured with an LSM800 Zeiss confocal microscope (Carl Zeiss, Jena, Germany) and analysed with Zen software (Zen Software, Rochdale, U.K.). Tissue sections and FUEs were captured at 920 magnification by scanning and tiled. Z-stack captured images in 2-lm increments to account for thickness inconsistencies. Images were stitched and underwent maximum intensity projection to obtain optimal resolution. Samples from all participants were fully captured and analysed. One representative sample is depicted and presented in the 'Results'; however, all observations described were seen consistently between six participants (scalp biopsies), between two with five samples per participant (FUEs) or between two with three samples per participants (hair plucks).
Transmission electron microscopy
Plucks were washed in 0Á05 M phosphate buffer (pH 7Á0), postfixed in 1% osmium tetroxide/1Á5% potassium ferricyanide in phosphate buffer (pH 6Á0), stained with phosphate-buffered 1% tannic acid then 2% uranyl acetate in 0Á1 M acetate buffer (pH 5Á2), dehydrated in a graded series of hexylene glycol (70%, 80%, 90% and 100%) then electron microscopy-grade dry acetone (100%) and embedded in Procure 812/Araldite 502 resin. Sections 80-100 nm thick were cut on a Reichert Ultracut E fitted with a Diatome 45°dia-mond knife, poststained briefly with 2% uranyl acetate then 0Á02% lead citrate. Plucks were vetted; 26 those with minimal damage (n = 3) were viewed with a Morgagni (FEI Products, ThermoFisher Scientific, Hudson, NH, U.S.A.) transmission electron microscope (TEM) at 80 kV.
Results
Oxidation occurs within the hair follicle and is focused at the keratogenous zone
Oxidative stress within healthy human scalp biopsies was assessed by measuring 4-hydroxynonenal (a lipid peroxidation product) and 8-hydroxydeoxyguanosine (a hydroxyl-modified base) as proxies for ROS production. and particularly in Hoechst -/dim keratinocytes at the base of the cortex and throughout the keratogenous zone (Fig. 1a, b) . Mitochondrial mass is greatest within the hair bulb and is retained during nuclear DNA degradation
Mitochondrial presence was assessed within human scalp biopsies and FUEs by labelling mitochondrial cytochrome C oxidase subunit II (MTCO2). Cellular proliferation was measured by Ki67 expression. Proliferation and mitochondrial labelling was seen in scalp epidermis and dermis ( Fig. 1c, d ; see Supporting Information). Ki67 labelling was strongest within basement membrane epidermal cells, becoming more diffuse towards the stratum corneum ( Fig. S1d ; see Supporting Information).
In the hair follicle, proliferation was highest in the matrix surrounding the dermal papillae [ Fig. 1c Nuclear degradation in the hair follicle combines apoptotic and nonapoptotic mechanisms DNA fragmentation (TUNEL), apoptosis [caspase-activated deoxyribonuclease/DNA fragmentation factor subunit B (DFFB)] and cell-autonomous nuclear degradation (DNAse1L2) markers were employed to dissect nuclear degradation within the hair follicle.
TUNEL staining, a nonspecific measure of nuclear destruction, was found in the cortex coincident with Hoechst Thus, while apoptosis-dependent and independent nuclear degradation mechanisms were employed during formation of the IRS and fibre, mitochondria were retained. Additionally, there may be differential utilization of these mechanisms in the ORS, IRS and cortex. Autophagic mechanisms are employed in the hair follicle and mitophagy occurs sequentially following nuclear degradation Autophagic mechanisms have been described during epidermal cornification. 16 The ubiquitin-like protein LC3B is associated with autophagy, and Bnip3L, which binds LC3/GABARAP proteins (ubiquitin-like modifiers that are required for the growth of autophagosomal membranes), is a specific marker of mitophagy. 18, 19 LC3B was expressed within the stratum corneum but excluded from the cortex of the follicle [ Fig. 3a; Fig. S3a 
Nuclear elongation and degradation occurs in the bulb while mitochondria persist until Adamson's Fringe
To probe the sequential nature of nuclear then mitochondrial degradation human hair-pluck samples were examined by TEM (Fig. 4a) . Despite morphological disruption associated with 'plucking', mitochondria were numerous in the matrix (upper bulb) with intact double membranes and cristae. Nuclei were slightly elongated in shape (Fig. 4b) , and became increasingly more so towards the top of the bulb. At the top of the bulb mitochondria had a variable appearance, showing signs of degradation and membrane loss (Fig. 4c) . Cortical nuclei were further elongated and those in the cuticle and IRS were condensed and distorted (Fig. 4c) . In the mid-/upper part of the keratogenous zone, cortical mitochondria were fewer, showed evidence of degradation and were surrounded by keratin bundles (Fig. 4d) . Cortical nuclei were highly condensed and distorted in appearance similar to nuclei from cuticle, IRS cuticle and Huxley's layers, and the nuclear envelope was lost (Fig. 4d) . At the proximal end of Adamson's Fringe, some mitochondria remained intact, whereas others resembled debris, and nuclear remnants were further condensed and fragmented (Fig. 4e) . At the distal end of Adamson's Fringe, the cytoplasm was filled with keratin bundles and nuclear remnants (Fig. 4f) , thus confirming our earlier observation that nuclear degradation occurs prior to mitochondrial degradation in the hair follicle.
Discussion
Organelle degradation and keratin deposition are key components of cornification; however, most previous studies have focused on epidermal keratinocytes where processes differ from the hair follicle. This study provides novel insights into the geographical location of organelle breakdown and oxidative stress within the hair follicle providing us with a deeper understanding of normal hair physiology.
We show that DNA/nuclear damage is an early event in hair generation, seen within the first millimetre of the follicle, whereas mitochondria are retained concomitant to a respiratory burst in the keratogenous zone before mitophagy takes place. Our method of detecting ROS relies on detecting the after-effects of oxidation and therefore is indirect. However, our evidence for a burst of ROS is supported by a recent livecell imaging study that detected a more proximally located series of plumes surrounding the hair shaft at the top of the hair bulb. 29 That ROS imbalance creates a toxic environment is well established, but many biological functions may rely upon carefully orchestrated oxidative reactions. 25, [30] [31] [32] [33] [34] We hypothesize an ordered transition from living to dead within the follicle where focal ROS production is a functional step in formation of a strong hair fibre. ROS is known to induce cell biology changes within the hair follicle. For example, studies have linked an imbalance of natural antioxidant defences and ROS production during ageing to scalp damage, poorer hair quality, greying and balding. 22, 24, [35] [36] [37] Conversely, ROS is involved in driving proliferation and metabolism. 23, 38 However, these ROS phenomena, important for concurrent effects on fibre development, are specifically related to vital cell processes within the germative matrix and surrounding region in the lower follicle bulb. Keratinization of the hair shaft cortex differs from cornification within the stratified epithelia, in particular with respect to keratin intermediate filament (IF) organization and chemical bond networks. In the stratum corneum, the follicle's inner root sheath, fibre cuticle exocuticle and the medulla, enzymatically mediated e-(N-c-glutamyl)-lysine bonds form between loosely networked IFs and keratin-associated proteins (KAPs). 39, 40 The cortex is stabilized primarily by extensive disulfide cross-links between highly ordered bundles composed of IFs embedded within a matrix of hair-unique KAPs, 41 and keratinization involves the formation of disulfide cross-links and IF conformational changes, 42 with all this occurring above the level of the bulb in the keratogenous zone. 6, 43 Disulfide bonds are also a feature of stratified epithelia, formed by sulfhydryl oxidase. 44 We were unable to detect this protein, or any other enzyme able to catalyse disulfide bonds, in the keratogenous zone in a recent proteomic analysis of follicles. 6 Therefore, alternative processes must drive the cross-linking of keratin within the keratogenous zone. Oxidative processes are focused specifically throughout the keratogenous zone, which also coincides with high mitochondrial mass. Interestingly, keratinocyte-specific mitochondrial transcription factor A (TFAM) knockout mice, which cannot produce electron transport chain subunits, display abnormalities in epidermal differentiation and hair follicle growth. mitochondrial activity and ROS production in vitro, whereas antioxidant treatment blocked differentiation. 23 We therefore hypothesize that disulfide bond formation within the hair shaft, above the bulb, is primarily due to cytoplasmic changes from a reducing to an oxidizing environment brought about by mitochondrial-driven ROS. Further experimental study will be required to refine this model. MTCO2 and Ki67 coincided in the base of the bulb where cells are actively proliferating and differentiating. While proliferation continues in the ORS, this decreases within the cortex, although mitochondria persist. mRNA and protein expression, particularly for specific keratins, has been described distal to the bulb; 6, 46, 47 however, we show Hoechst-negative cells in the same region and TUNEL analysis further confirmed DNA degradation, in agreement with previous reports. 2, 15, 17 In this way the pre-emergent, anuclear, 'zombie' hair is still undergoing programmed change and is unlikely to be able to react to any external perturbations. Nuclear degradation occurs by caspase-dependent apoptosis or caspase-independent means. [48] [49] [50] In the epidermis nucleophagy occurs via autophagolysosome formation. 16 However, it is unclear which of these processes is being engaged within hair follicle keratinocytes. Caspase-dependent apoptosis was greatest in the bulb up to the keratogenous zone akin to TUNEL staining and also evident in the stratum corneum, IRS and ORS. This is strongly suggestive of a role for caspase-dependent apoptosis in DNA degradation during cornification. DNAse1L2 expression -indicative of cell-autonomous, caspase-independent, nuclear degradation -was found at low levels throughout the dermis and within the developing Epidermal and IRS keratinocytes employ apoptosis, autonomous nuclear destruction, autophagy and mitophagy for cornification. Outer root sheath (ORS) keratinocytes utilize identical mechanisms, yet evidence of nuclei, proliferation and mitochondria suggests a general cell turnover in the ORS without full cornification. Conversely, cortex keratinocytes undergo elongation coincident with loss of nuclei but retain nonmetabolic reactive oxygen species leaking mitochondria in a 'zombie' state, changing the chemistry throughout the keratogenous zone. Death mechanisms here involve apoptosis and autonomous nuclear destruction, but, unlike the epidermis, IRS and ORS, not autophagy. Furthermore, mitophagy is limited to Adamson's Fringe, where cortical keratinocytes are fully cornified, considered dead and hair forms. DFFB, DNA fragmentation factor subunit B.
cortex, in keeping with its reported constitutive nature in skin and hair. 17, 51 Interestingly, caspase-independent nuclear degradation was especially high in ORS cells, enveloping the follicle, in contrast to that of caspase-dependent apoptosis, which was greater within cortex cells.
We provide evidence of a strong nucleophagy programme within the IRS, which reinforces shared cornification processes with the epidermis. 16 The coincidental expression of proteins related to both apoptosis and autophagy may reflect a situation where cross-talk between the two systems is necessary for cornification in the epidermis and IRS. 52 In contrast, cortex keratinocytes undergo cornification independent of nucleophagy and are instead reliant on caspase-dependent and caspase-independent cell-death mechanisms. Therefore, we provide evidence that a number of mechanisms may be differentially employed in keratinocytes of hair follicle layers to degrade nuclear material. Future in vitro experiments using specific apoptosis/nucleophagy inhibitors to block these pathways are planned to confirm this hypothesis. Finally, we observed that mitochondria persisted in the absence of a fully functioning nucleus, suggesting that mitophagy occurred subsequent to nuclear degradation. A similar process has been described for reticulocyte development but has not been reported in keratinocytes. 18, 53 Bnip3L is a key molecule in the process of mitophagy in erythrocytes and immune cells. 18, 54, 55 In contrast to nuclear degradation, which is initiated within the distal half of the hair bulb, Bnip3L expression was detected only at Adamson's Fringe, where ROS production and mitochondrial activity cease and cornification is completed. 56 Destruction of nuclei and mitochondria within rat follicles has been captured by Morioka, and later in human hair follicles by Linch; 11,17 however, the transitionary borders between these processes has not been reported until now. TEM observations demonstrated progression of nuclear reshaping and loss of integrity in line with those previously observed in follicles, 11, 17 from the upper bulb to terminal differentiation of all fibre and IRS cell lines around Adamson's Fringe. Accumulation of keratin fibres during the formation of hair cortex means that limiting cytoplasmic space compresses the nucleus, compromising function. The smaller mitochondria can still be observed throughout the keratogenous zone and, rarely, up until Adamson's Fringe. However, we report that mitochondria begin to exhibit damage as early as the elongation zone, becoming progressively degraded with loss of outer membranes in the keratogenous zone. Damaged mitochondria are known to produce more ROS in a positive feedback loop known as ROS-induced ROS release, possibly explaining the foci of ROS-mediated damage in this region. 20 Excessive ROS can lead to further mitochondrial damage and deletion of mitochondrial DNA. 57 Therefore, final induction of mitophagy, revealed by directed Bnip3L expression at Adamson's Fringe, may be critical to prevent subsequent aberrant hair follicle growth. Cornification of keratinocytes within squamous epithelia is a well-described process; however, its relevance to normal hair follicle physiology has received less attention. We suggest that an ordered process of organelle removal is employed to first degrade keratinocyte nuclear DNA, removing the cellular 'brain', creating a 'zombie' cell with no proliferative or regenerative capacity but a completely focused effort on respiration and deliberate ROS generation. This allows creation of a strong keratin scaffold before cells undergo mitophagy thus cutting off metabolism and resulting in a truly dead cell. We thus provide a description of the oxidative landscape within the human hair follicle and deliver insights into the process of living-dead transition for hair fibre creation (Fig. 5) , the functional relevance of which should be tested in future studies. A clearer understanding of the regulation of these processes is required in order to develop better biologics to improve hair health and tackle follicular conditions.
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